Adaptation to osmotic stress is fundamental to survival and growth of organisms. As such, it exemplifies the intimate relationship between an organism and its environment. Of the various means evolved to overcome osmotic stress, accumulation of solutes to provide osmotic balance with the environment is a commonly used strategy in a diverse set of organisms (14, 17, 23, 51, 53, 54) . Inorganic ions play a principal role in this regard, but high intracellular concentrations can be detrimental to cellular functions (54) . Many organisms appear to overcome this problem by accumulating one or more organic compounds, such as polyols, amino acids, and quaternary ammonium compounds, that can act as compatible solutes (54) . These compounds may also directly protect enzymes and other cellular components from high salt concentrations (36) .
The osmoprotective role of the quaternary ammonium compound glycine betaine (N,N,N-trimethylglycine; betaine) is evident in a number of diverse microbial systems, including enteric bacteria (1), soil bacteria (45) , halophilic bacteria (15) , cyanobacteria (27) , and methanogenic archaebacteria (39) . Accumulation of betaine as an adaptive strategy has also been demonstrated in plants (51, 53) . It has been suggested that betaine functions as an osmolyte in the mammalian renal system as well (3) . Besides this physiological role as an osmoprotectant, betaine also functions in general metabolism where methyl groups derived from it are incorporated into alkaloids in plants (9) , into methionine in mammals (43) and microorganisms (52) , and into cobalamin (vitamin B12) in microorganisms (52) . Furthermore, betaine (and its precursor, choline) can be used as a carbon and nitrogen source by some microorganisms (21) . Methyl groups liberated by betaine catabolism in these microbial * Corresponding author.
t NRCC publication no. 32463. systems may be assimilated or oxidized to carbon dioxide via one-carbon metabolism pathways (24, 25) .
Biosynthesis of betaine results from oxidation of choline via a two-step reaction with betaine aldehyde as the intermediate. This series of reactions may be catalyzed by three different enzymatic systems. In microorganisms and mammals a membrane-bound choline dehydrogenase (EC 1.1.99.1) is employed in conjunction with a soluble betaine aldehyde dehydrogenase (EC 1.2.1.8) (18, 22, 31, 32, 40) . Plants utilize a soluble choline monooxygenase in combination with betaine aldehyde dehydrogenase (7, 34) . A third choline oxidation system, as yet found only in microorganisms, involves a soluble choline oxidase that is capable of catalyzing both reactions in vitro (20, 33, 49 (46) , and pKK223-3 (6) .
Arthrobacter and Alcaligenes strains were cultured by using growth conditions recommended by the ATCC or in the medium of Ikuta et al. (20; (8) with choline oxidase antibodies and by biochemical assay. Polyclonal antibodies were raised in rabbits against purified choline oxidase from A. globiformis (Boehringer Mannheim) and Alcaligenes sp. (Sigma). The specificity of the antiserum was evaluated by comparison of immunoblot analyses (8) with the antiserum and affinity-purified antibodies (44 One unit of choline oxidase corresponds to 1 ,umol of H202 produced per min (20 Immunoscreening of the library with choline oxidase antibodies was as described by Short et al. (42) . Isolation of a choline oxidase-proficient clone involved the following: (i) choline oxidase assay of MC4100 lysogens constructed with phages from pooled immunopositive plaques (10 plaques per pool, 10 pools in total); (ii) assays of individual lysogens constructed with phages from a Cox' pool; (iii) confirmation by immunoblots of the Cox' lysogen; and (iv) excision of recombinant plasmids by the method of Short et al. (42) , with the exception of using DH5 a/F' (BRL) as the host.
Minipreparations of plasmid DNA, restriction digests, ligations, and agarose gel electrophoresis were done by standard protocols (2) . Transformation of E. coli strains was as described by Morrison (30) with the choline oxidase antibodies. Three of these recombinant phage conferred choline oxidase proficiency when used to lysogenize E. coli MC4100. One of these E. coli strains, KLR-1, containing a recombinant phage, phage-8K, was found to produce a cross-reactive polypeptide of the same molecular weight as that of the cross-reactive protein of A. pascens in immunoblot analysis with the choline oxidase antibodies (Fig. 1) . Thus, given these results and the choline oxidase proficiency of KLR-1, phage-8K was presumed to contain a full-length clone of the cox gene of A. pascens encoding a choline oxidase.
The recombinant plasmid pKR1, excised from phage-8K, was digested with EcoRI, producing 4-and 1.8-kb fragments in addition to the vector. These two fragments were subcloned into the EcoRI site of pBluescript SK-. Placing the 4-kb EcoRI fragment in either orientation within pBluescript SK-(pKR11, pKR12) conferred choline oxidase proficiency to E. coli MC4100 (Fig. 2) . This demonstrated that the 4-kb fragment contained a functional gene, and it further suggested that the cox promoter of A. pascens is active in E. coli. A physical map of the insert DNA is provided in Fig. 2 . pKR11 with the EcoRV site adjacent to the lac promoter conferred approximately a 55-fold higher level of choline oxidase activity to E. coli MC4100 than did pKR12, which contains the insert in the opposite orientation (Fig. 2) . This elevated expression of cox, presumably by the lac promoter from the vector, suggested that the orientation of the cox gene in this 4-kb fragment has the 5' end of the gene toward the EcoRV site and the 3' end toward the Scal site (Fig. 2) . To further characterize the configuration of the cox gene in the 4-kb clone, fragments of the insert DNA were deleted or subcloned into pBluescript SK-and pKK223-3 (Fig. 2) . Deletion of either PvuII fragment (coordinates: kb 0 to 1.2, pKR23; kb 1.2 to 4, pKR24) (Fig. 2) PvuII-HindIII fragment (coordinates: kb 1.2 to 4) of pKR11 into the SmaI-HindIII window of pKK223-3, downstream of the tac promoter, resulted in high levels of choline oxidase activity when this construct was present in E. coli MC4100 (pKR32; 160.9 U/mg). Since the cloning site of pKK223-3 does not include a translation initiation codon (6), the 2.8-kb insert must have its own initiation codon for expression. A further deletion of 900 bp was achieved by subcloning the BstEII-HindIII fragment of pKR32 into the SmaI-HindIlI window of pKK223-3 after filling in the BstEII cohesive end. The resulting construct, pKR47 (Fig. 2) , had eightfold less choline oxidase activity than did pKR32. Deletion of a further 50 bp (pKR46) resulted in complete loss of choline oxidase activity, as demonstrated by subcloning the TthlllIHindlll fragment of pKR32 into the SmaI-HindIII window of pKK223-3. Thus, these results confine the 5' end of the cox open reading frame to a region bound by the BstEII and TthlllI restriction sites (coordinates: kb 2.1 and 2.15, respectively). Deletion of the terminal 500-bp PstI fragment (pKR34) also resulted in loss of choline oxidase activity, thereby indicating that the 3' end of the cox gene lies within The end product, betaine, did not induce choline oxidase (1.4 U/mg) but repressed the activity by 1.7-fold when added to choline medium (91.5 U/mg). A similar reduction in activity was seen when glycerol was added to choline medium (90.6 U/mg). In contrast, supplementing choline medium with a richer carbon source (glucose) resulted in a larger reduction (fourfold) of choline oxidase activity (36.4 U/mg). These activity levels corresponded with the amount of choline oxidase protein present in the respective cell extracts of A. pascens grown in medium containing choline, betaine, glucose, or glucose plus choline (Fig. 3) .
The osmoprotective function of choline oxidase was evaluated by culturing A. pascens in the presence of an inhibitory amount of NaCl with glucose, glycerol, choline, or betaine as the carbon source. Glucose and glycerol media were supplemented with choline or betaine. Choline and betaine supplements could not enable A. pascens to overcome the osmotic stress when glucose or glycerol was provided as the carbon source (Fig. 4) .
Expression of the A. pascens cox gene in a heterologous host pascens. Cell suspensions of A. pascens were streaked for single colonies on Repaske medium containing carbon sources (0.2%) as indicated. Choline and betaine when used as supplements were at 1 mM. NaCl was used at 0.6 M. Although 0.8 M NaCl gave the same response as that shown here, higher concentrations were completely inhibitory and lower concentrations promoted higher background growth. Plates were incubated at 300C for 72 h. confers osmotolerance. The osmoprotective capacity of choline oxidase in a heterologous system was evaluated by expressing the A. pascens cox gene in E. coli MC4100 (a deletion mutant defective in oxidation of choline to betaine but proficient in choline uptake [47] ). The original coxcarrying constructs, pKR1, pKR11, and pKR12, were not maintained by E. coli MC4100 when cultured in minimal medium without antibiotic selection. This was found to be a characteristic of pBluescript SK-, the parental vector of these constructs (data not shown). Consequently, the coxcontaining fragment was subcloned into suitable vectors that were chosen on the basis of stable maintenance by MC4100 during growth in minimal medium. The 4-kb HindIII-BamHI fragment of pKR12 was subcloned into pHG329 (46), a pBR322 derivative containing the lac promoter and multiple cloning sites of pUC19. The resulting construct, pKR26, specified 4.7 U of choline oxidase per mg in MC4100. pKR32 and pKR47, with pKK223-3 (6) as their parental vector (Fig.  2) , specified 160.9 and 21.8 U of choline oxidase activity per mg, respectively. Osmotolerance of MC4100 strains possessing these constructs was compared with those of the controls, MC4100(pHG329) (without insert, Cox-), and MC4100 (pLB11) (a construct possessing the E. coli choline dehydrogenase and betaine aldehyde dehydrogenase genes [4a] ). Both pKR47 and pKR32, which have a 7.5-fold difference in choline oxidase activity, could confer an osmotolerant phenotype to E. coli MC4100 when either choline or betaine aldehyde was provided (Fig. 5) . Although a similar phenotype was also exhibited by MC4100(pKR26), it was not included in a direct comparison in view of the additional DNA present in the 4-kb insert of pKR26. coli. E. coli MC4100, which is defective in betaine synthesis, was used as the host for all plasmids. The pKR plasmids contain the cox gene and pLB11 (4a) carries the betaine biosynthesis genes of E. coli. pHG329 (46), a vector without any insert DNA, was used as the negative control; growth of MC4100(pHG329) on NaCl plus betaine aldehyde is due to autooxidation of betaine aldehyde to betaine.
M63 medium (28) containing glycerol (0.5%, vol/vol) was used with or without NaCl (0.65 M) and the indicated supplements at 1 mM. The plates were incubated for 48 h at 37°C. The growth response of all four strains on NaCl plates without any supplements was the same as that shown for MC4100(pHG329) on NaCl plus choline.
DISCUSSION
The structural gene for a choline oxidase has been localized to a 1.9-kb BstEII-EcoRI fragment. This corresponds well with the requisite size to encode a polypeptide of 66 kDa, the estimated size of choline oxidase from A. pascens as determined from immunoblots. Synthesis of a catalytically active choline oxidase in E. coli did not detrimentally affect growth. This indicates that E. coli can detoxify the additional H202 produced by choline oxidase, which uses 02 as an electron acceptor during oxidation of choline to betaine (20) . Inclusion of a 0.9-kb segment upstream of the BstEIIEcoRI fragment present in pKR47 resulted in a 7.5-fold higher level of choline oxidase activity (pKR32). Since the parental vector for both pKR47 and pKR32 is pKK223-3, which does not provide a translation initiation codon (6) , the enhanced expression may be due to posttranscriptional events such as formation of RNA structures that could favor efficient translation when the 0.9-kb leader is present (16 (1, 14, 15, 27, 39, 45) . Alternatively, the steady-state concentration of betaine derived by oxidation of choline or from direct uptake of betaine may not be large enough to provide protection from the osmotic stress, due to further utilization of betaine. In E. coli, where choline is oxidized to betaine solely to provide an osmolyte to overcome an osmotic stress, betaine synthesis and accumulation are induced by the osmotic stress itself (22, 35) and are independent of the type of carbon source (data not shown). The absence of an osmoprotective function for choline and betaine in A. pascens and the modulation of choline oxidase activity by the type of carbon source suggests that in this bacterium the primary role of choline oxidase and its product betaine is in carbon metabolism and not in adaptation to osmotic stress. This contrasts with the observations in another soil bacterium, Rhizobium meliloti (45) . R. meliloti has a choline oxidation pathway that permits catabolism of choline and betaine as carbon and nitrogen sources but promotes betaine accumulation when the bacterium is subjected to osmotic stress. This regulation results from selective repression of enzymes involved in betaine degradation. The dissimilar observations in R. meliloti and A. pascens may be related to the catabolism of betaine in the two bacteria. In A. pascens, methyl groups derived from betaine are oxidized directly to formaldehyde, which may be assimilated by the ribulose monophosphate cycle and serine pathway (24) , or the formaldehyde may be oxidized to carbon dioxide by a formaldehyde dehydrogenase (25) . R. meliloti, on the other hand, utilizes betaine for direct transmethylation of homocysteine to form methionine (45) . The potential toxicity of intracellular formaldehyde implies a requirement for appropriate coordination between the regulatory systems of choline-betaine catabolism and the Arthrobacter formaldehyde-scavenging systems. This coordination is exemplified by the presence of a choline-induced formaldehyde dehydrogenase in Arthrobacter species (25) . Such an integrated system might prohibit the preferential inhibition of betaine catabolic enzymes in response to an osmotic stress and thus preclude accumulation of a cytoplasmic pool of betaine to provide an osmoprotective effect. The cloned cox gene from this study will facilitate future molecular genetic studies of the regulatory aspects of choline catabolism and the one-carbon assimilation-degradation pathways of A. pascens.
Growth of E. coli strains expressing the cox gene was indistinguishable from that of an E. coli strain bearing its native betaine biosynthesis genes. Furthermore, the osmotolerant phenotype required only a relatively low level of choline oxidase activity, as demonstrated by the similar growth responses of strains possessing pKR47 or pKR32. The osmotolerance response of Cox' E. coli strains in the presence of choline suggests that choline oxidase can catalyze in vivo both steps involved in betaine biosynthesis. This was further established by fast-atom bombardment mass spectrometry, which detected betaine in cell extracts from various E. coli strains expressing cox but not from the Coxcontrols (data not shown). Betaine aldehyde could also promote osmotolerance in Cox' strains, suggesting in vivo oxidation of an exogenous supply of betaine aldehyde to betaine. The apparent equivalence of the growth responses of Cox' strains on choline or betaine aldehyde indicates that the relatively large difference in estimated Km of choline oxidase for choline (1.2 mM) and betaine aldehyde (8.7 mM) (19) has no effect on the osmotolerant phenotype conferred by cox to E. coli.
The ability of choline oxidase to catalyze both steps of betaine biosynthesis from choline in vivo questions the reason for an accompanying betaine aldehyde dehydrogenase in A. pascens (unpublished data), A. globiformis (20) , and also in the fungus Cylindrocarpon didymum M-1 (29) . If choline is utilized as a carbon source, however, the presence of a betaine aldehyde dehydrogenase may be advantageous, given that the Km for betaine aldehyde of known betaine aldehyde dehydrogenases is 17-to 28-fold lower (22, 29, 31, 34) than the Km of choline oxidase (8.7 mM [19] ). As well, betaine aldehyde dehydrogenase activity can generate NADH or NADPH (22, 29, 31, 34) , which may serve in vivo as a source of reductant or be used for ATP synthesis, whereas choline oxidase, which uses 02 as the primary electron acceptor (20, 33, 49) , does not provide this advantage. Therefore, it may be a physiological advantage for a choline-utilizing organism to have a betaine aldehyde dehydrogenase in addition to choline oxidase.
The characteristics of choline oxidase, including it being a soluble and bifunctional enzyme that does not require any cofactors (19, 20) , make it a favorable choice to genetically engineer enhanced betaine biosynthesis in heterologous organisms. Although choline oxidase has a covalently attached FAD moiety (19, 33, 49) , its assembly into a functional enzyme in the distantly related E. coli suggests that it can be modified appropriately in heterologous organisms. Choline dehydrogenase of E. coli, the only other choline-oxidizing enzyme for which a gene has been cloned (1, 4a) , is a membrane-bound protein that requires an as yet unidentified electron acceptor (22) . Thus, the cox gene may be suitable for enhancing osmotolerance in biological systems of interest. Native or, if necessary, heterologous H202-scavenging systems may be used to detoxify the additional H202 resulting from choline oxidation, and genes encoding catalases and peroxidases have been isolated from a number of sources (13, 38, 41, 50) . The cloning and overexpression of the cox gene also have applications in clinical biochemistry, where choline oxidase is used for estimation of choline-containing phospholipids in serum (48) and amniotic fluid (10) . ACKNOWLEDGMENTS G.S. thanks R. Hirji for preliminary screening of some strains for choline oxidase. We are grateful to L. Hogge for fast atom bombardment mass spectrometry analysis, G. S. Stewart for providing pHG329, E. Knapp for illustrations, and the staff at the Animal Care Unit of the University of Saskatchewan for maintaining rabbits.
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